Supplementary information

Background

Only RIDL males were released in this experiment (see Methods), for which there are
several compelling reasons'?. One is that only female mosquitoes bite; another is that
co-released sterile females may “distract’ sterile males from seeking out, courting and
mating wild females'”. Sterile-male-release methods require that released males survive
in the field, disperse, find females and successfully court and inseminate them in
competition with wild males; few field data are available regarding the ability of lab-
reared, engineered males to achieve this™>. Performance might be adversely affected by
environmental aspects of rearing and distribution, by selection and drift associated with
colonisation and laboratory rearing, and by the transgene itself*'°. With the OX513A
strain subject to these factors in its development, rearing and field activities, the outcome
of the experiment described was determined by the cumulative effect of these factors.

The stated sterile:wild adult male ratio target of 10:1 was based on SIT practice, though
somewhat conservative relative to model predictions for fully competitive males' ™%,
Mortality in the RIDL strain, OX513A, generally occurs at a late larval stage'®. For
species with significant density-dependence at immature stages, such as Aedes aegypti®,
late-acting lethality is predicted to be more effective for population suppression than
early-acting lethality''"">. Preliminary analysis of likely cost and effectiveness of large-
scale use of release of RIDL males to control Ae. aegypti and dengue has indicated that
this is likely to be an attractive method on both cost and effectiveness grounds''*'.
Conventional SIT programs have been successfully operated on scales from very smal
to vast, e.g. the continental-scale elimination of the New World screwworm Cochliomyia
hominivorax'™". Though no mosquito sterile-insect program has been operated on such
a scale, successful precedents exist using chemicals or bacteria to effect sterilization®*;
Ae. aegypti is a relatively robust, easy-to-rear mosquito, so there are no obvious technical
barriers to scale-up. Initial cost and effectiveness analyses have tended for simplicity to
focus on the use of RIDL males as a stand-alone method, as indeed does the present
study. However, in practice sterile-male methods are best used as components of an
integrated vector management program, for example combining with community-based
source reduction and larviciding. Such a program would enable the optimal exploitation
of the different strengths and cost profiles of different methods, and should in general
provide a more cost-effective solution than any component as a stand-alone method. In
some cases there may be additional synergies, for example in respect of resistance
management. If an effective dengue vaccine becomes widely available, a broad-based
‘integrated disease management’ approach, comprising a substantial vector control
element, is still expected to be needed (e.g. Cuauhtemoc Ruiz Matus, PAHO, cited in>
“An integrated approach to prevention and control is needed and a successful vaccine
will be only a part of an integrated solution, complementing good vector control.”)

1]7

Supplementary results and discussion

The magnitude of sex ratio change as a result of input of males indicates the
0X513A:wild male ratio, assuming the wild and OX513A males are attracted equally to
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the traps. The untreated areas, in Bodden Town, provided an indication of the likely sex
ratio capture of wild Ae. aegypti without the effect of released OXS513A males.
Mosquitoes recovered in BG-Sentinel adult traps in untreated areas had a mean
male:female ratio of 0.54:1 (95% bootstrap CI: 0.46:1 — 0.62:1; n=1637).

From field monitoring during RIDL releases, in parallel with increased OX513A:wild-
type male ratio we observed an increase in the proportion of the field-collected eggs
carrying the fluorescent marker, to a peak of 88% (Fig. 2b). This implies that the
majority of wild females were mating OX513A males. Note that the increase in progeny
fluorescence ratio appears to lag slightly behind the increase in release rates, as expected;
a 5-day lag gives the highest estimated correlation, 0.90, between the release rates and the
proportions of field-collected eggs carrying the fluorescent marker. For reference, the
average life expectancy of Aedes aegypti females is generally taken to be about 7-9 days,
based on a constant daily survival probability of 0.88-0.89'"""*27 (but see also®**?).
Average life expectancy estimates for males include 1-2 or 1.8-2.7 days for lab-colonized
males” ™ and various estimates between 1.6 and 3.8 days for wild males®°. The
subsequent reduction in fluorescence ratio (Fig 2b) may relate to the substantial
suppression of the population at this stage (Fig 2¢ and below); lack of females in the
treated area may mean that a higher proportion of eggs are laid by immigrants who may
have mated before entering the release area. Ae. aegypti females who mate only once will
continue to lay wild type eggs despite the presence of OX513A males. Monogamy® ",
or at least first-male paternity®”, is thought to be typical for dedes aeg}()’pti , though
females have been reported to remate after inadequate semen transfer™ or passage
through one or more gonotrophic cycles®'. A recent study™ revisited the question of
polyandry in large field cages, using stable-isotope labelling of males, and found 14% of
females had engaged in multiple matings.

By comparing the RIDL:wild type male ratio with the progeny fluorescence ratio we can
estimate the relative competitiveness of the two types of male. We have only attempted
this for Period 2, as the low numbers of males in Period 1 and of eggs in Period 3 make
further analysis of limited value. We estimate a relative competitiveness of 0.059 (95%
bootstrap CI: 0.011 — 0.21) in Period 2. Production and male quality improved in Period 3
but imsufficient eggs were recovered to allow a useful estimate of competitiveness. For
comparison, in large-scale, successtul SIT programs, field competitiveness of sterile
males was estimated at 0.1 for New World screwworm (C. hominivorax)™** and <0.01
for Mediterranean fruit fly (Ceratitis capitatay™®.

We used ovitrap index — the proportion of ovitraps in each area with one or more eggs
after one week — as our primary measure of population density. Ovitraps compete with
natural breeding sites for female oviposition. Ovitrap index is widely used as a measure
of population density, though it is affected by the availability of alternative breeding
sites, which is in turn affected by environmental factors such as rainfall**. However, our
sites are close enough to share many environmental factors, and changes in ovitrap index
over time and between sites should be a good indicator of changes in the mosquito
population (Fig. 2¢). Until early August, the weekly ovitrap indices for Area A were very
similar to those in Areas C (likelihood ratio (LR) p=0.63) and B (LR p=0.13) but were
significantly lower than in an external untreated control site, Bodden Town (LR p=0.026,
roughly 40% lower). From early August onward the index in Area A was highly
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significantly lower than that in other areas (p<0.0001 for each pairwise comparison;
roughly 70% lower than Area C and Bodden Town through 16 December, and roughly
60% lower than Area B through 14 October; 80% lower than C for last 7 weeks of release
period).

This may underestimate the underlying difference in oviposition and hence female
numbers and the degree of suppression achieved as the ovitrap index is not a linear
measure of female numbers. At high female numbers additional females will lay eggs in
a trap already visited by a first female. Using a simple model in which females are
assumed to lay at random in traps, the relative abundance or ratio (R) of two populations
that give ovitrap indices of X and Y is R = log(1-X) / log(1-Y). Using this formula, the
difference between Areas A and C in the last seven weeks of the release period (ovitrap
indices of 10% and 50% respectively) would correspond to a 6.6-fold rather than 5-fold
difference in the female population, and hence 85% rather than 80% suppression of the
target population relative to control.

We used ovitrap index as our primary measure, however alternative indices could be
considered for example eggs/trap. This might be expected to be more linearly related to
female numbers. However, we found the number of eggs per trap to be extremely
variable, a problem compounded by the difficulty of achieving an accurate count at high
egg numbers in a given trap. Mean eggs/trap are shown in Suppl Fig 1 for the three
release periods. In Periods 1 and 2 they are not significantly different between Areas A
and C, whereas for Period 3 the mean for Area A (2.86 eggs/trap) is 17% that of Area C
(16.8 eggs/trap). This is consistent with the 80% reduction inferred from uncorrected
ovitrap index and 85% from the simple correction above.

Mean number of eggs per traps
Errorbars = 95% Cl

B Area A
B Area B
B Ares O

W 8ocden Town

Poriod 1 Period 2 Period 3

Supplementary Figure 1. Eggs per trap in different areas and periods. Consistent with the ovitrap index
data (Fig. 2¢), Areas A and C have similar mean eggs per trap in Periods 1 and 2; in Period 3 Area A has
lower mena eggs per trap (83% lower than Area C).

While it is clear that dengue cannot be transmitted in the absence of a suitable vector
mosquito population, the relationship between (non-zero) vector population density and
disease burden is much less clear. Thresholds for epidemic transmission, calculated from
simulation models, imply that reductions of 10-90% from extant densities of Ae. aegypti
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would be sufficient to prevent epidemic transmission of dengue in a range of settings*’.
The degree of suppression of the Ae. aegypti population observed even in this small trial
against a non-isolated population would therefore likely be epidemiologically useful in
many transmission settings; one might expect immigration to have much less of an effect
on a larger program which should therefore achieve stronger suppression likely to be
effective at preventing epidemic dengue in a very wide range of transmission settings, if
not all. One caveat is the possible role of other potential vectors such as Aedes
albopictus. However, Ae. albopictus is thought to play a relatively minor role in dengue
transmission™. Furthermore, there is no obvious reason why similar sterile-male
methods should not be developed for this mosquito, a significant vector of chikungunya,
if needed. Genetic transformation of Ae. albopictus has already been achieved®.

During this period, the average fluorescence ratio was approximately 12%. This is
equivalent to the release of fully-competitive males at 0.14:1, which is at the low end of
the range of estimates from modelling (0.15-1.32)"2. This suggests that the number of
engineered sterile male mosquitoes needed to suppress a target wild population may not
be as high as we originally, conservatively, estimated.

The degree of suppression attainable in a small-scale trial is limited by immigration’*?;

Area A is directly adjacent to Area B, which continued to have a roughly 50% ovitrap
index. Furthermore, de. aegypti eggs can remain viable for several months so we expect
some adults to continue to emerge from eggs deposited before significant population
suppression was achieved. These issues would be less significant, or insignificant, for a
larger, longer release program, e.g. operational use.

Long-term egg survival may also explain the apparent residual effect of treatment. The
population survives the winter dry season primarily as eggs, then re-expands when the
rains return. In effect, the population had little opportunity to re-expand for a period after
releases ceased due to seasonal reduction in rainfall. The ovitrap index in Area A
remained highly significantly (p=0.0009) lower than in Area C in January to June 2011,
up to 8 months after the last release (mean ovitrap index: Area A =5.1% (95% CI: 2.8 —-
7.3%) Area C = 17%, (95% CI: 12 — 21%,), Fig. 2¢). The population in Area A was
substantially reduced by the release of OX513A RIDL males; the observed reduction in
ovitrap index and eggs per trap indicates fewer eggs deposited, which we would expect to
translate to a reduced overwintering egg bank. In any case the target population has been
slow to return to control levels. This suggests that control by this method could have
relatively long-term beneficial effects, and may also be relatively insensitive to brief
interruptions in program operations. This effect would likely be even stronger in a larger
program with less possibility of immigration.

Methods

Field site selection: The field site in Grand Cayman — the largest of the Cayman Islands
—was selected on the basis of biological and other criteria, e.g. presence of Ae. aegypti,
and preliminary data from small-scale release experiments®. Dengue is rare on Grand
Cayman, but common in the region and an ongoing threat while 4e. aegypti is present.
High levels of insecticide resistance in Ae. aegypti in Grand Cayman® and neighbouring
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regions highlight the need for alternative methods of control. The estimated minimum
RIDL male release rate — 3150 male/ha/week — required for population collapse might be
considered a relatively high number, and reflects the high local mosquito density and the
lack of any conventional control at the site.

Release period: 07 May 2010 to 15 Oct 2010. Within this, Period 1 was 7 May to 21™
June; Period 2 was 24 June to 30 July; Period 3 was 2 August to 15™ October. The release
site was East End, approx Lat 19.2089 Lon -81.1055, Fig 1a,b). Data were also collected
from an untreated control site — Bodden Town, a similar settlement approximately 14 km
to the west of East End. Importation and release of mosquitoes was conducted under
permit from the Cayman Islands Dept of Agriculture; MRCU activities are also governed
by the Mosquito Research and Control Act (2007 Revision). No formal de. aegypti
control measures were implemented at East End in 2010 but aerial and vehicle-based
spraying was occasionally used to control a salt-marsh mosquito, Aedes taeniorhynchus.

Source of released material: OX513A-Aae, the OX513A insertion (LA513A"%) in Ae.
aegypti, was introgressed into a Mexico-derived genetic background by five generations
of back-crossing, then made homozygous. Homozygous OX513A eggs were transferred
from Oxitec and reared to pupae at MRCU, then mechanically sorted to remove
females®. For quality control, ~1,800 male pupae from each batch were examined
under a dissecting microscope prior to release to ensure each batch was >99% male, i.e.
<1% females were present in any given batch. In practice we achieved significantly better
sorting efficiency; in aggregate only 69 females found out of 104,839 pupae examined
during all the per-batch quality control analysis (0.066% female, corresponding to ~ 1
female per 1500 males released, 95% CI: 0.050% - 0.081%). Separated female pupae
were rendered non-viable by freezing.

Community engagement: An extensive community engagement program, to be
described in detail elsewhere, was undertaken in relation to the biological experiments
reported here. Information about the project was provided via the media (print and TV,
e.g. http://www.youtube.com/watch?v=_nY AlWeS5kM), written material and by
personal contact and briefing. In addition to securing the necessary regulatory approval,
local politicians, community leaders and relevant government departments (including
ministry representatives from District Administration, Works and Gender Affairs (under
which the MRCU operates), The Ministry of Health, Environment, Youth, Sports and
Culture, Public Health, The Department of Agriculture and The Department of the
Environment) were briefed and consulted prior to and during release activities. Project
personnel were present on-site approximately five days per week to provide information
and conduct operations. All equipment, vehicles and personnel were clearly marked;
equipment and written material included contact information. Permission was sought and
received from individual householders prior to project activity on their property, €.g.
placement and servicing of BG-Sentinel traps. Community views and concerns were
solicited by these routes; direct contact with on-site project staff proved the richest
source. The only consistent project-related criticism from the community related to
nuisance from the large numbers of males in each individual release in the first part of
Period 3. In response we promptly reduced these numbers and moved the release points
further from habitations. We also partly substituted with pupal releases, from which
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adults emerge over a period of time. Following these changes, no further adverse
comments were received.

In principle, increased engagement activity could lead to one or more of a range of
possible behavioural changes. For example, residents might more or less actively remove
breeding sites, pay more or less attention to mosquito bites, suspected dengue cases, etc.
In practice, control activities and associated communication activities are a feature of life
on Grand Cayman. Furthermore, communication activities and many program activities
(e.g. setting and recovering traps) were undertaken in all areas, and are therefore unlikely
to account for the differences between treated and untreated areas observed.

Regulatory affairs: Although the Cayman Islands is a British Overseas Territory, it is
not part of the European Union (EU), is not subject to EU Law (Directive 2001/18/EC)
regarding the deliberate release of genetically modified organisms, and has autonomous
decision making in this area. MRCU has a mandate from Parliament to conduct research
activities for mosquito control as enshrined in the Mosquito (Research and Control) Law
(2007 Revision). Permission was obtained from the Department of Agriculture for the
import and release of the mosquitoes, under the Animals Law (2003 Revision), following
a pest risk analysis (PRA)*. The trial was also conducted in accordance with the
provisions in the Cayman Islands draft National Conservation Law. Work conducted at
Oxitec similarly complied with all relevant UK legislation.

Release method: Male pupae were placed in release devices (paper cups or 27 litre
plastic cages (Bugdorm DP1000, Bugdorm.com) and allowed to eclose. Three times per
week (Monday, Wednesday and Friday), these devices were transferred to the field site
and opened to allow males to disperse at points with an average linear separation of
approximately 70-90 m, i.e. 1.25-2 release points per hectare. Dead pupae and adults
remaining in the devices were counted. For adult release, dead pupae were counted the
day before release and dead adults in the release device within two hours of returning the
device to the laboratory. For pupal release, dead pupae and adults were counted after
retrieval of the used pupal release device to the laboratory. Adult release numbers were
calculated as the difference between the number of pupae placed in the devices and the
number of dead individuals counted. From 30® August, adult releases were supplemented
with pupal releases, in which pupae were placed in an open container in the field to
eclose in the field. Predation of pupae and emerging adults form ants was mitigated by
placing the pupae release container within a water trap. It was not possible accurately to
quantify the number of pupae or adults removed by predators (including ants), however
few release devices showed signs of ant activity at the time of removal from the field and
we infer that predation by ants was likely not a significant factor. Pupal releases, used in
a previous study”®, have the potential advantage of asynchronous release of adults, i.e. the
adult males emerge over a period of time. In total, an estimated 2,867,000 adults and
504,000 pupae were released into the field environment. Of the pupae deployed, 13.8%
were recovered as dead pupae and adults remaining in release devices after retrieval from
field deployment of 2-3 days. The maximum number of adults released from the pupal
release devices is therefore estimated at 434,000 although may be lower as the effect of
predation of mosquitoes prior to exiting the release device, e.g. by ants, was not included
in this calculation.
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Monitoring: Approximately 24 BG-Sentinel adult traps’®>’ (Biogents.com) and a larger

number of ovitraps (1 April - 15 July, 60; 15 July - 14 Oct, 80; 14 Oct - Dec 16, 43) were
used in East End each week; an equivalent untreated control site, Bodden Town, was also
monitored with 10 BG-Sentinel and 20 ovitraps throughout (no mosquitoes were released
at Bodden Town). Within East End 24 traps were distributed across the all areas in Period
1 (Area A, 5 traps; Area B, 11 traps; Area C, 8 traps). In Period 2 traps were redeployed
from area C into Areas A (8) and B (16). In Period 3, traps previously in Area B were
redistributed between Areas A (16) where treatment continued and Area C (=6) to
provide additional reference for sex ratio in untreated areas. Distances between release
points and traps are summarised in Suppl. Table 1

Period 1 Period 2 Period 3
Number of release points 80 45 20
Distance (m) from release 72.1 66.9 615
point to nearest release (67.6-76.6) (59.6-74.2) (51.3-71.7)
point, mean (95% Cl)
Distance (m) from release 443 235 18.1
point to nearest ovitrap, (37.1-51.5) (18.4-28.5) (13.2-23.0)
mean (95% Cl)
Distance (m) from release 66.6 471 453
point to nearest adult trap, (58.4-74.8) (40.5-53.7) (37.7-52.9)
mean (95% Cl)

Suppl. Table 1. Distances between release points and traps.

Ovitraps, which mimic natural oviposition sites*® were serviced weekly; BG Sentinels
weekly or daily at different stages of the experiment. Sentinel trapping continued until 26
October; ovitrapping continued to June 2011. Eggs from ovitraps were hatched under
vacuum; the resulting larvae were examined to confirm lack of Ae. albopictus and, up to
December 16, scored for characteristic red fluorescence due to the DsRed2 marker’®>’
(Clontech Laboratories, Inc) of OX513A (Fig. 1e) using a Leica MZ10F epi-fluorescence
microscope. Ae. albopictus is present on Grand Cayman but considered to be of
relatively restricted in prevalence and geographic distribution. In a one-month pre-
release baseline study, all eggs were hatched and identified to species; no Ae. albopictus
were detected. Throughout the release period, non-fluorescent larvae hatched from
ovitrap-collected eggs were also reared to adult as an additional ongoing check for the
presence of Ae. albopictus; none were detected. On this basis, the ovitrap index was
calculated based on the number of eggs present, rather than hatched larvae identified as
Ae. aegypti. This avoids possible variation in the calculated ovitrap index due to
inconsistent egg hatch.

Release of males should change the sex ratio. In untreated areas, the BG Sentinel traps
caught 0.54 males per female on average. This variation from a 1:1 ratio could be due to
differential attractiveness of the traps to males and females, but is likely additionally or
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predominantly a result of males’ lower life expectancy, and therefore numbers present in
the field™. Over-flooding ratio in the release area was therefore estimated as (x —
0.54y)/0.54y where x and y are the numbers of trapped males and females, respectively.

Statistical analysis: A bootstrap method was used to obtain the 95% confidence intervals
in which traps were resampled with replacement and the 2.5 and 97.5 percentiles of the
estimates were reported from 1,000 bootstrap samples. This method robustly reflects any
extra-binomial variation in the data due to clustering of OX513A individuals or males
within traps. Likelihood ratio tests, in which 2 times the difference in log likelihoods
from two models was compared to a chi-squared distribution, were used to test for
between-area differences in ovitrap indices assuming the data arose from binomial
distributions. For these tests the ovitrap indices were allowed to differ on a daily basis
throughout the period of analysis.
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